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ABSTRACT 
Gold electrodes are important in some devices and certain applications where an inert, highly 
conductive feature is required. An aqueous gold nanoparticle (AuNP) ink suitable for inkjet 
printing was synthesized and formulated using starch and microwave-assisted heating. By 
varying the hydrolysis conditions of starch, the size, yield, and stability of the AuNP suspension 
can be controlled and optimized to achieve a jettable ink. The optimized formulation has a very 
low starch loading of only 1.75 wt% relative to gold forming a highly stable AuNP ink, which 
upon drying already forms a very conductive film and sinters at low temperature.  The overall 
synthesis protocol thus provides a greener and cheaper alternative to other AuNP synthesis 
methods.  The sintering behavior of the film was monitored wherein upon heating, starch is 
degraded, crystallite growth increased, and the morphology changed from individual 
nanoparticles to a network of fused particles.  The film sheet resistance decreased concomitant 
with these physical changes. By heating the film to at least 200 oC, a sheet resistance of < 1.0 
Ω/□ is achieved. This aqueous-formulated ink, therefore, offers an alternative to the usual 
This document is the Accepted Manuscript version of a Published Work that appeared in final form 
in ACS Appl. Nano Mater. , copyright © American Chemical Society after peer review and technical 
editing by the publisher. To access the final edited and published work see 
https://pubs.acs.org/doi/full/10.1021/acsanm.7b00379.” 
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organic solvent ink formulations used in printed electronics. It proved to print conductive films 
on various substrates for possible applications in flexible electronic devices. 
 
Keywords: gold nanoparticle, starch, inkjet printing, microwave synthesis, green chemistry 
INTRODUCTION 
Printed electronics is one of the recent advances in manufacturing various electronic devices. 
Specifically, inkjet printing, also called drop-on-demand (DoD) printing, has gained popularity 
due to its advantages over other subtractive manufacturing techniques such as mask-based 
photolithography. One of the issues in conventional lithography techniques is the significant 
amount of waste chemicals generated, primarily due to its subtractive nature. In inkjet printing, 
the material is only deposited on specific areas on the substrate.1 Inkjet printing has been used 
recently to fabricate various designs of microelectromechanical switches (MEMS)2–6, thin film 
transistors (TFTs)7–9, and electrochemical sensors.10–13 Moreover, inkjet printing has been 
employed to print conductive patterns made from metallic electrodes such as silver and gold.14–16 
One important component in inkjet printing technology is the formulation of ink that can be 
jetted through the nozzle into single isolated droplets. Jettable inks can be formulated by varying 
its fluid properties, specifically the surface tension, density and viscosity. A common criterion 
for jettability of inks is determined by the dimensionless parameter called Z-number, which is the 
reciprocal of the Ohnesorge number.17 This parameter relates the viscous forces of the fluid to its 
inertial and surface tension forces, as shown in the equation below,  
𝑍 =  
√𝜎𝜌𝑑
𝜂
⁄   (Eq. 1) 
where σ is surface tension, ρ is density, and η is viscosity of the ink, while d is the nozzle 
diameter. However, several Z-number ranges (e. g.,1 < Z < 10 or 4 ≤ Z ≤ 14)18 have been 
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reported by different authors for the jettability window. Hence, some studies have actually 
defined the jettability regime for inks using various two-parameter plots.19–22  For example, in the 
study by Subramanian et al., a jettable ink formulation is empirically defined within regions 
bounded by the capillary and Weber (Ca-We) number space, highlighting the effects of inertial 
and viscous forces normalized by surface tension of the ink formulation; these regions appear to 
be universal for jettable ink formulations that produce satellite-free droplets.22  For printing the 
metallic electrodes like silver and gold, the inks are either colloidal suspension of their 
nanoparticles or salt precursor solutions which can be post-processed to achieve the desired 
conductive metal.23–28 In ink formulations of metal nanoparticle suspensions, aside from 
jettability, size and stability are also important factors to consider. The nanoparticles are usually 
stabilized with a capping agent which gives a very stable dispersion on the selected solvent, 
which is usually nonpolar.15,23,24 In the case of gold nanoparticles (AuNP), it is commonly 
synthesized using the Brust method which is a two-phase synthesis with NaBH4 as the reducing 
agent and alkanethiols, or surfactants, as the capping agent.29 Since the capping agents usually 
have nonpolar groups, it is suspended in a mixture of organic solvents. Greener approach to 
AuNP synthesis has also been a trend wherein more environmentally-benign reducing agents and 
stabilizing ligands are used in the synthesis. There are already many studies which explored 
green synthesis of silver and gold nanoparticles using plant extracts30–33, natural polymers34–36, 
and other alternatives to nonpolar ligands and solvents.14,37,38 Of special interest is the use of 
starch as both the reducing and stabilizing agent for gold nanoparticles (AuNPs).34,39–42 In this 
method, the starch solution is hydrolyzed by heating in NaOH solution to activate its reducing 
ends which will reduce the Au ions in the solution to Au(0). Some hydrolyzed starch molecules 
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would stabilize the nanoparticles to control its further growth. Size-controlled and stable AuNP 
solution can be produced from this technique without the use of nonpolar ligands and solvents.43  
Here we report a new approach to aqueous AuNP ink formulation using an optimally hydrolyzed 
starch by microwave-assisted hydrolysis (to control size and reducing capacity) and using such 
as both the reducing and stabilizing agent in the subsequent microwave synthesis of the AuNP 
nanoparticles. Furthermore, we report the first demonstration of using such ink formulation in 
inkjet printing in view of its application in printed electronics, given that most commercial AuNP 
ink formulations are organic-solvent based (Figure 1).  In the first part of the study, the synthesis 
of AuNP was optimized based on the particle size, stability, and yield by varying the starch 
hydrolysis conditions carried out by microwave-assisted hydrolysis and reaction. Microwave 
radiation provides more uniform heating to the reaction mixture. This was also used in the AuNP 
synthesis reaction as it is expected to yield narrower size distribution of AuNP.42,44–46 In the 
second part, after optimizing the synthesis of the AuNP ink, the sintering behavior of the printed 
gold film was investigated using various characterization techniques. It was demonstrated that 
the printed Au films have low sheet resistance (< 1.0 Ω/□) even at low sintering temperatures 
(~200 oC). Such conductivity is comparable to other formulation of AuNP inks.14 The trend in 
the sheet resistance value was also correlated to the changes in the morphology of the film. 
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Figure 1. Diagram showing the summary of this study. Microwave heating was used for both the 
controlled starch hydrolysis and AuNP synthesis. The synthesized AuNP solution can be used for 
inkjet printing of conductive patterns. 
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RESULTS & DISCUSSION 
1.  Effect of starch hydrolysis on the synthesis of AuNP 
It is already well-known in the field of gold nanoparticle synthesis that the concentration of the 
reducing agent has an effect on the size, shape, and yield of the colloidal gold.47–49 Hence, to 
maximize the yield, minimize the size, and maximize the stability of the resulting AuNP ink 
from this synthesis method, the amount of the reducing species from the hydrolyzed starch was 
varied by changing the microwave-assisted hydrolysis conditions, i.e., temperature and time. By 
maximizing the yield and minimizing the size of the nanoparticles, the final loading of the AuNP 
in the ink will be greater. This can contribute to increased conductivity of the printed gold 
patterns due to better tight-packing of smaller particles. Here, we adopted the approach by 
Ekgasit et al.43 using hydrolyzed starch for the reduction of Au3+ to Au0, although our work 
instead hydrolysed the starch by an optimized microwave-assisted heating.  We also further 
optimized the ratio of starch-to-gold to increase the concentration of AuNP in the ink 
formulation for the target printed electronics application. It is known that alkaline hydrolysis of 
starch and cellulose produces organic acids, mostly dicarboxylic acids such as glycolic, oxalic, 
and lactic acid.50 These hydrolysis products do not have reducing potential to turn Au3+ into 
AuNPs. However, as proposed by Ekgasit et al., the hydrolysis of starch under mild alkaline 
conditions produces intermediates containing either an aldehyde or α-hydroxy ketone, which can 
reduce Au3+, and subsequently be oxidized into their carboxylic acid form.43 These intermediates 
are hypothesized to be generated via the Nef-Isbell mechanism through β-elimination.51 
Furthermore, hydrolysis of starch produces smaller polymer chain sizes thereby forming more 
reducing end groups that could also aid in the reaction of Au3+ to form AuNP similar to the 
action of  -D-glucose as reported before.38,42  
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For the optimization step, the concentration of the precursor Au3+ in the final reaction mixture 
was fixed to 25.0 mM, which is a rather high concentration compared with other reported 
synthesis methods, typically 1.0-12.5 mM. Microwave reactor was used to control the 
temperature of the starch hydrolysis and the resulting solutions were characterized for its Z-
average particle size (PS) using dynamic light scattering (DLS) and weight-average molecular 
weight (MW) using the same instrument in static light scattering (SLS) mode. The Z-average 
particle size is also called harmonic intensity-weighted arithmetic average particle diameter, 
which is derived from the cumulants analysis applied to correlation function of raw scattering 
intensity data in DLS.52 Weight-average MW is derived from the Debye plot of the scattering 
intensity of the starch solution with respect to its concentration.53 Figure 2A shows the effect of 
the hydrolysis temperature and time on the MW and PS of the starch, wherein both parameters 
significantly decreased compared with an unhydrolyzed sample (labelled as “native”). The MW 
and Z-average size of the starch decreased by as much as 2x upon heating at 90 oC.  There is 
clear trend that increasing the hydrolysis temperature yielded lower MW and smaller size 
regardless of the time of heating investigated (15-45 min). This trend is expected since elevated 
temperature increases the rate of the starch degradation, generating smaller chains of the 
polymer.54,55 The time of hydrolysis (15-45 minutes), at the temperatures tested, did not have 
significant effect on both MW and particle size. 
These hydrolyzed starch samples were then used to synthesize AuNP using the procedure as 
described in the Experimental section. The resulting AuNP solutions were characterized by UV-
Vis spectroscopy (Figure 2B and Figure S1) and DLS (Figures 2C, 2D). The surface plasmon 
resonance (SPR) peak of AuNP is related to its size and concentration. Larger AuNP shifts the 
wavelength of maximum absorbance (λmax) to higher values, whereas the peak width corresponds 
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to the size distribution of the AuNP sample. Moreover, higher absorbance value indicates a more 
concentrated sample.56,57 Increased starch hydrolysis temperature from 70 oC to 90 oC blue-
shifted the SPR peak from ~550 nm to ~530 nm (Figure 2B), which signifies significant decrease 
in the AuNP particle size. As discussed before, elevated starch hydrolysis temperature generates 
more reducing species and therefore increases the reductant:Au3+ ratio. A similar trend was 
observed for the case of -D-glucose used a reducing agent.38 In comparison to the case of the 
more common citrate reduction method of AuNP synthesis, higher reductant:Au3+ ratio typically 
yields smaller AuNP up to a certain ratio, beyond which the size will not change anymore.58 
However, a different case is observed when the relative concentration of Au3+ is significantly 
increased, i.e. [Au3+] > 0.8 mM, where the plot of AuNP size vs. citrate:Au3+ ratio is an upward-
facing parabola.48 It has also been reported through theoretical modeling that high gold salt 
concentration promotes coagulation during the synthesis yielding to larger particles.49 This 
means that to get the smallest AuNP, the ratio must be optimized. In our case, the ratio was 
controlled by varying the extent of starch degradation. AuNP synthesized using starch 
hydrolyzed at 100 oC was also done but its particle size was not measured as it generated large 
black particles which precipitated out of the mixture.  
The trend in particle size observed in the UV-Vis spectra was also confirmed with the Z-average 
particle size measurement using DLS, where there was a decrease in the particle size of the 
AuNP-starch nanoparticles from about 175 nm to about 50 nm with increased heating 
temperature from 70 oC to 90 oC (Figure 2C).  Also, the number density of the AuNP particles 
was estimated from the UV-Vis spectra using a formula (Eq. 2) reported by Haiss et al.56 based 
on theoretical treatment of the scattering of the metal nanoparticles:  
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𝑁 =  
𝐴450  × 10
14
𝑑2 [−0.295 + 1.36 𝑒−(
𝑑−96.8
78.2 )
2
]
 
where N is the number density, A450 is the absorbance at 450 nm, and d is the mean particle 
diameter in nm. It was calculated that higher number density of AuNP was achieved at elevated 
hydrolysis temperature, as expected with the observed trend for the AuNP size. Since the initial 
concentration of Au3+ is equal in all samples, a higher AuNP concentration should be expected 
for sample with smaller AuNP size than with a larger one. A similar observation was noted by 
Polte et al.59 wherein AuNP particle size increased during the synthesis, along with the decrease 
in particle number density for the case of the classical citrate reduction method. 
Another value derived from the cumulants analysis of the DLS data is the polydispersity index 
(PdI), which is a dimensionless number indicating the broadness of the size distribution around 
Z-average size. It ranges from 0.0 to 1.0 with 1.0 being the most polydisperse.52 In the case of 
the synthesized AuNP samples in this study, PdI values range from 0.07-0.25, which indicate 
relatively narrow size distributions of AuNP. No obvious trend was observed for PdI value with 
respect to the starch hydrolysis time and temperature (Figure 2C). However, the UV-Vis spectra 
(Figure S1) of the AuNP samples showed decreasing peak width of the SPR as the hydrolysis 
temperature increased from 70 to 90 oC, indicating that starch hydrolyzed at higher temperature 
produced a more monodisperse AuNP. The apparent discrepancy between DLS and UV-Vis 
trend in the size distribution can be explained by noting that DLS measurements is based on 
hydrodynamic particle size, which is defined as the size of a hard sphere that diffuses at the same 
speed as the particle being measured. This is affected by various factors such as the surface 
properties of the particle, the nature of the dispersant, and its ionic concentration.52 On the other 
hand, UV-Vis size measurement is based on the SPR phenomenon which is related to the actual 
(Eq. 2) 
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size of the plasmonic nanoparticle.56 Additional data for size and distribution were obtained by 
other techniques as discussed below. 
Zeta potentials of the AuNP samples were also measured (Figure 2D). This parameter indicates 
the long-term stability of the colloidal suspension, for which a value of |ζ| > 30 mV is generally 
desirable. Higher |ζ| values were measured for AuNP samples synthesized using starch 
hydrolyzed at higher temperature, signifying more stable AuNP sample. Our optimized ink 
formulation remains stable for several months (we have not observed flocculation yet) keeping it 
only in the refrigerator (ca. 4 oC) for usual storage.  Since smaller starch coils are formed at 
elevated temperatures, more can bind with the AuNPs during the reduction of Au3+. These starch 
molecules are oxidized to form carboxylate or OH- end groups that contribute to the surface 
charge such as what was reported for the case of -D-glucose reduction of Au3+.38  It should be 
noted that hydrolysis time (for the range tested here) had no significant effect on the zeta 
potential just like for the case of starch MW and size. We note also that the starch-to-gold ratio is 
quite low at less than 2 wt % (see TGA data below). So far, we have found only one prior 
literature on an aqueous gold ink formulation, synthesized using poly(N-vinylpyrrolidone) (PVP) 
and acrylic resin (AR) as stabilizers. This had as much as 57 wt% polymer in the final printed 
material based on their TGA data, and it needed to be burned off at 500 oC to achieve a highly 
conductive print.14 As shown and discussed below, our ink formulation with low starch loading 
already forms a highly conductive ink even by just drying at 50 oC, and it has an advantage as it 
can sinter at a much lower temperature of about 200 oC to burn off the starch in the printed 
material, and in turn resulting to increased conductivity. 
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Figure 2. (a) Particle size (PS) and molecular weight (MW) of starch hydrolyzed at different 
temperatures and time periods. Properties of AuNP solutions synthesized using various hydrolyzed 
starches: (b) UV-Vis characterization, (c) PS and polydispersity index (PdI), and (d) zeta potential 
measured using dynamic light scattering (DLS) technique. 
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2. Jettability of optimized AuNP-starch ink 
The synthesized AuNP ink was printed using a DoD inkjet printer. As previously mentioned, the 
jettability of an ink can be predicted by gauging its fluid properties such as viscosity, surface 
tension, and density.22 For the ink used in this study, viscosity is approximately measured to be 
1.20 cP, surface tension is 69.7 mN/m, and the density is 1.0246 g/mL;  using Eq. 1, Z-number 
for this ink is 54.6. This is beyond the range set by most studies on inkjet printing, however, as 
discussed and demonstrated by Subramanian et al., there are inconsistencies regarding jettability 
criteria using Z-number.22 In any case, this specific ink was successfully jetted to single drops 
without satellite droplets as shown in the Figure 3A below. A bipolar voltage waveform (Figure 
S2A) was applied to a 60-μm diameter inkjet nozzle and the substrate (cleaned glass slides were 
used for most sintering characterizations) was heated at 50 oC during the printing. In printing 
isolated single lines, coffee-ring effect (Figure S2B) was observed in the as-synthesized AuNP 
ink but it was suppressed by adding a minimal amount of surfactant (~0.3% w/w Triton X-100), 
since it could not be suppressed by changing the drop spacing and printing speed alone. Adding 
surfactant changed the Z-number of the ink to around 37.2 since the surface tension of the ink 
significantly decreased and it was still jetted to single drops. A sample grid pattern was printed 
on polyethylene naphthalate (PEN) substrate and a zoomed-in image of the printed lines is 
shown in Figure 3B below. For printing of solid square patterns (Figure S2C), the as-synthesized 
ink was used without the added surfactant since the close spacing of the lines will make up for 
the hollow space left by the coffee ring effect. The square patterns were used to measure sheet 
resistance values. Thickness of the printed gold films were approximated by extracting line 
profiles from AFM images (Figure S3), generally showing ~100 nm for a single layer print.  
   13 
 
Small angle x-ray scattering (SAXS) in transmission mode was done to measure the particle size 
in the ink (Figure 3C). The difference between this method and that of DLS technique is the 
concentration of AuNP in the sample. In the SAXS measurement, the actual ink concentration 
was measured, while the DLS requires dilute sample. A Gaussian particle size distribution was 
fitted to the SAXS data which gave average size of 21.8 nm ± 12%. This tolerance value is 
similar to some commercially-available standards of gold nanoparticle suspension, indicating the 
advantage of using microwave heating in nanoparticle synthesis. The average particle size from 
SAXS is smaller from the one measured in DLS because, as pointed out before, the DLS 
considers the hydrodynamic size of the particle. This particle size was verified from the AFM 
and SEM images as discussed below.  Furthermore, compared with the -D-glucose-reduced 
AuNP solution which yielded 28% RSD (mean size of 8.2 nm based on TEM),38 we have 
produced a more monodisperse AuNP dispersion at 12% RSD albeit at a larger mean size.    
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Figure 3. (a) Satellite-free, single droplets (approximately 60 μm in diameter) of AuNP ink were 
formed using a programmable inkjet printer system. (b) Photograph of gold lines printed on PEN, 
a flexible substrate. Inset: Micrograph of printed line. (c) Particle size distribution measured using 
SAXS in transmission mode. Inset: Raw scattering intensity at small-angle and fitted model for 
particle size analysis. 
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3.  Sintering behavior of the AuNP ink as a function of temperature 
Thermal properties of the Au film and the hydrolyzed starch were profiled using 
thermogravimetric analysis (Figure 4). Solid content of the AuNP ink was determined to be 
approximately 10.8%(w/w), while the TGA profile of the dried Au film sample indicated 
~0.25% moisture, and ~1.75% starch content. For the Au film, there are two major features in the 
thermogram. The first mass loss event at <200 oC is attributed to moisture evaporation while the 
second feature which started at around 195 oC, peaked at around 230 oC, and ended at around 
350 oC, is attributed to the starch degradation. However, compared with the thermogram of pure 
starch, this degradation event happened at a temperature lower than that of the pure starch which 
onsets at around 273 oC. The difference is possibly due to the catalytic effect of AuNP in the 
thermal decomposition of starch. This catalytic effect on polymer thermal degradation has been 
previously observed for several nanoparticle/polymer composites.60–63 The first derivative peak 
for pure starch is at around 300 oC which is consistent with previous studies on the thermal 
degradation of various starch.64,65  Generally, there are only two main features in the TGA profile 
of starch in an inert atmosphere. The first one which happens before 250 oC is both physical and 
chemical dehydration to liberate H2O, while the second one is the main degradation event which 
peaks at around 300 oC, and liberates mixture of gases including H2, CH4, and CO2. However, in 
Figure 4, a second mass loss event occurred in the pure starch sample at around 425 oC up to 520 
oC, after which the sample remained at 3% of the original weight. This can be attributed to either 
(i) combustion of the carbonaceous product after the main degradation due to possible 
contamination of air in the sample chamber,65,66 or (ii) further decomposition of the first 
degradation product to amorphous carbon structure.67 It has been reported that starch structure 
disintegrates at around 400 oC, and beyond this temperature, a highly cross-linked polymer is 
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formed similar to thermally cross-linked resin of phenol/benzene/furfuryl.68 In any case, this 
does not significantly affect the sheet resistance of the printed gold film, as will be discussed in 
the section below on electrical characterization. 
 
Figure 4. Thermograms of dried AuNP ink (black) and starch (blue) at 10 oC/min rate. Onset 
degradation temperatures are approximated from the graph as indicated. 
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We monitored the starch molecules attached to the surface of AuNP during the heat treatment 
using FT-IR and Raman spectroscopy. The samples for FT-IR were prepared by dropping a 
small volume of the AuNP on KBr powder which was then dried, heated at the indicated 
temperature in Figure 5A, and, pelleted. From the ink samples heated at 120 oC, IR peaks (in 
cm−1) for starch (550: pyranose ring skeletal mode; 875: CH2 deformation; 1080 and 1390: C-O-
H bending; 1260: CH2OH; 2890 and 2980: CH2 deformation) were observed, as referenced to the 
IR spectrum of the pure hydrolyzed starch.69 It is also worth noting that the peaks from the 120 
oC sample gave sharper peaks than the pure starch sample, which we mainly attribute to the 
surface-enhanced IR absorption (SEIRA) of the starch on AuNP surface.70,71 Above 200 oC, 
these starch peaks disappeared as expected from the decomposition profile of starch determined 
through TGA. Peaks associated to water were still observed due to incomplete drying of the KBr 
powder. Similar trend was observed for the surface-enhanced Raman spectra (SERS) of the 
AuNP ink samples drop-casted on glass and heated at various temperatures (Figure 5B). At 647 
nm excitation, only the film heated at 50 oC had peaks which is attributed to the starch molecules 
attached to AuNP (764: C-C stretching; 1376: CH2 scissoring, C-H & C-O-H deformation; 1459: 
CH2 bending; 2908: C-H stretching).
69 Likewise, we attribute this surface-enhancement to the 
surface plasmon resonance of the AuNP.72–74 For samples heated at 200 oC and 420 oC, there 
were no significant peaks present in the spectra. The most intense peak in the Raman spectra of 
the 50 oC sample is at 2125 cm−1 which can be attributed to C≡C bond stretching. This was 
already observed in the study of Pienpinijtham et al. where it was explained that this triple bond 
can result from alkaline degradation of starch via the Nef-Isbell mechanism.43,51,72,75 Both the IR 
and Raman spectra showed that the starch in the ink degrades at temperatures above 200 oC. This 
should enhance the electrical conductivity of the nanoparticle film upon removal of starch, which 
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is an insulator. Therefore, heating the film to at least 200 oC should lower its sheet resistance, as 
observed in the electrical characterization of the printed film discussed below. 
 
Figure 5. (a) Surface-enhanced IR absorption spectra of AuNP ink dried and heated at various 
temperatures as indicated. (b) Surface-enhanced Raman spectra of drop-casted AuNP ink heated at 
various temperatures as indicated in the graph. 
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The morphology of the printed gold films heated at 50 oC and 400 oC was observed using AFM 
and FE-SEM (Figure 6). At 50 oC heating, individual nanoparticles are observed in the film. At 
this temperature, water was only evaporated leaving the starch-capped nanoparticles in the film. 
However, the film at this point is already dull gold in color and is already conducting, as shown 
in the electrical characterization below. The density of the particles in the film is sufficient for 
tight-packing, as seen in the AFM image, allowing electron mobility across the film. The sizes of 
the nanoparticles imaged by AFM is larger than those in the FE-SEM (50 nm vs 20 nm), as 
expected given the difference in the imaging mechanisms. The lateral resolution of AFM is 
poorer (larger than the true size feature) because of the convolution of the tip shape with the 
topographical feature. Also, for the non-contact imaging mode done here, which is based on the 
van der Waals interaction between the tip and surface, the resulting topographical feature 
includes the starch that remain adsorbed on the gold nanoparticles (prior to sintering) as it is also 
sensed by the probe tip.  In contrast, the SEM image is generated from secondary electrons 
ejected from the surface which come mostly from high-density atoms such as gold—and thus, 
the starch (made of lighter atoms, C, H, and O) surrounding the gold nanoparticles would be 
“invisible” in the SEM image.  This is evident in Figure 6C wherein for some dispersed AuNP, 
there is noticeable uniform spacings between the spherical nanoparticles in the FE-SEM image, 
possibly an effect of the starch coating on the nanoparticles.  In summary, the AFM shows the 
complete starch-gold nanoparticle (at a lower lateral resolution) whereas the SEM provides an 
image only of the gold nanoparticle core with “invisible” starch around it. 
After heating at 400 oC, starch would have been degraded and particles should have coalesced 
further together, forming a network of gold aggregates. This is observed in both the AFM and 
SEM images where bigger particles are mostly present in fused network and are seen embedded 
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in the aggregates. Aside from the increase in particle size, it can also be observed that particle 
boundaries became less sharp in terms of contrast due to coalescence at these boundaries. In the 
Supplementary Information (Figure S4) where in situ AFM imaging was done during heating up 
to 200 oC, the sintering transition is shown to occur already at 200 oC which corroborates with 
the previous characterizations.  
 
Figure 6. Morphology of the Au films imaged using AFM (top) and FESEM (bottom). (a) and (c) 
correspond to film heated at only 50 oC, while images (b) and (d) correspond to the film heated at 
400 oC. Scale bars correspond to 200 nm. 
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Additionally, to further probe the sintering behavior of the AuNP ink at elevated temperatures, 
an in situ grazing incidence XRD analysis in parallel beam geometry was done with a high-
temperature attachment from 50 to 400 oC (Figure 7). As expected in a sintering process, the 
crystallite size of the gold should increase as crystal grain boundaries coalesce to form larger 
crystal domains. This has been previously demonstrated before using in situ synchrotron X-ray 
measurements on both AuNP and AgNP systems.29,76 Crystallite size was derived from the XRD 
spectra using the Scherrer equation for the Au(111) peak. Figure 7B shows the increase in 
crystallite size from 5.4 to 13.2 nm but two regions can be observed in the graph. At sintering 
temperature < 200 oC, the rise of crystal size with respect to temperature is gradual and becomes 
steeper with constant slope at temperatures ≥ 200 oC. In the same graph, the sheet resistance of 
the film was also plotted against sintering temperature. It is expected that electrical conductivity 
will increase as the sintering temperature is increased because (i) starch is desorbed from the 
surface and degraded, and (ii) sintering is promoted at elevated temperature. This trend was 
observed in the graph and two domains can also be seen like the trend in crystallite size growth. 
At temperatures below 200 oC, linear decreasing trend in sheet resistance was observed for all 
the printed film samples, while at temperatures above 200 oC, the sheet resistance values 
remained relatively constant (~0.12 Ω/□ for one-layer, ~0.08 Ω/□ for two-layer, ~0.04 Ω/□ for 
three-layer). It should also be noted that the film with three layers of the ink printed on it has the 
lowest sheet resistance across the temperature values measured, followed by the two-layer print 
and then the one-layer print which has the highest sheet resistance. This trend was expected as 
more nanoparticles deposited on the film increases the chance for the formation of electron 
conduction network, following the percolation theory of conduction.77,78 At this point, it can be 
suggested that the printed Au film should be heated to at least 200 oC to achieve its best 
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performance as a conductor. Nonetheless, it should be noted as well that heating it at lower than 
200 oC still makes it conductive with relatively low sheet resistance (< 1.0 Ω/□), and this may be 
used for flexible plastic substrates. This value is comparable to sheet resistance values of 
evaporated Au (~0.7 Ω/□), and from other related studies on AuNP inks (1.3-3.3 Ω/□ for an 
aqueous-based ink, ~0.12 Ω/□ for a commercial organic-based ink).14  
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Figure 7. (a) In situ XRD measurement of the gold film at various heating temperatures as 
indicated.  (b) Left axis & colored markers: Sheet resistance values of the gold film measured after 
heating at various temperatures. Right axis & black markers: Crystallite size derived from Au(111) 
using Scherrer equation at various temperatures. Graph was shaded to emphasize the two regions 
discussed in the text and the transition at about 200 oC. 
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From all the characterizations on the sintering behavior of the printed gold film, several 
transitions were observed at around 200 oC. In the TGA, this is the onset of the starch 
degradation in the AuNP-starch ink, corresponding to the temperature at which the starch peaks 
disappear in both the SEIRA and SERS spectra. Moreover, a morphological change was 
observed in the AFM image at this temperature, which can be attributed to sintering of the 
nanoparticles. This was further verified by the crystal size growth and the trend in the sheet 
resistance of the film. It can be inferred from these relationships that the degradation of starch 
and the sintering of the gold nanoparticles happen at around the same temperature. For a similar 
Ag-PVP (polyvinylpyrrolidone) nanocomposite system,79 it was hypothesized that the presence 
of PVP on the surface of AgNP affect the sintering mechanism of the particles at various 
temperature domains. Specifically, at lower sintering temperatures where PVP was still intact on 
the surface of AgNP, surface diffusion dominates the sintering mechanism. However, at higher 
sintering temperatures where PVP will already be degraded, the dominant sintering mechanism 
was driven by volume diffusion.79 The same hypothesis can be inferred here from the AuNP-
starch system, in which the critical temperature for the possible transition of sintering mechanism 
is around 200 oC. However, actual sintering mechanism should be further investigated in this 
AuNP-starch system.  
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CONCLUSIONS 
Here we show that fine tuning the size of starch particles (via extent of hydrolysis) and coupled 
with microwave-assisted synthesis could produce a stable, monodisperse, aqueous-based AuNP 
ink formulation. This aqueous ink formulation was shown to be highly jettable and form films 
which sinter at relatively low temperatures.  Several transitions were observed at around 200 oC 
which can be inferred to be related to the sintering mechanism of the AuNP-starch film which 
happens with simultaneous degradation of the starch.  Starch may be sourced from various 
biomass and the synthesis only needs NaOH and water, and so this offers an alternative and a 
greener method for the commonly employed two-phase synthesis of AuNP using organic ligands 
and solvents.  A printed Au film can achieve < 1.0 Ω/□ sheet resistance even at < 200 oC of 
heating for 30 minutes. Therefore, this ink formulation can be used to print conductive patterns 
on various substrates such as glass, and flexible polymeric substrates such as PET and PEN, 
which have melting points > 200 oC. This opens a possibility of using the green-formulated 
AuNP ink for printing gold contacts on photovoltaic devices, thin film transistors, and various 
sensor devices.   
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METHODS 
Materials. For the synthesis, HAuCl4 was used as a gold precursor and soluble starch (potato) 
was used as the reducing and stabilizing agent, both of which were purchased from Sigma-
Aldrich. 
Synthesis of AuNP. This procedure was adopted from Ekgasit et al. with optimized 
modifications for higher nanoparticle yield and using microwave-assisted synthesis.43 
Au(III) precursor solution was prepared from 0.1 M HAuCl4 solution, adjusted to pH 7 by 
NaOH. Prior to mixing with the Au(III) precursor solution, the starch was hydrolyzed first with 
NaOH. Briefly, equal volumes of 4%(w/v) starch and 0.1 M NaOH were mixed and heated at 
various temperatures for various time periods using laboratory microwave reactor (Milestone 
flexiWAVE). Afterwards, the hydrolyzed starch solution was mixed with the prepared Au(III) 
precursor solution and heated at various temperatures for 5 min. The resulting AuNP solution 
was washed twice with deionized water using centrifuge at 16,000 rpm and ultrasonicator 
(QSonica Ultrasonic Processor with cup horn attachment), alternately. Finally, it was re-
suspended in water at 1/20 of the initial volume.  
Inkjet printing. AuNP inks were filtered first through 0.45 μm membrane prior to loading in an 
inkjet printer (Jetlab® 4 from MicroFab Technologies, Inc). Customized bipolar waveform (see 
Supplementary Information) was applied to the inkjet nozzle to jet the AuNP ink into single 
droplets up to 500 Hz jetting frequency. The substrate stage was heated to 50 oC. After printing, 
it was sintered on a hotplate at various temperatures. 
Characterization. UV-Visible spectrophotometry (Shimadzu UV-1800) was used to estimate 
particle size and concentration of the AuNP solution. Surface tension was measured using 
pendant drop tensiometer (Biolin Scientific Attension Theta) while the viscosity was measured 
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using rotary viscometer (Brookfield DV3T with small volume adapter) at ambient conditions 
(47% RH, 22 oC). Dynamic light scattering (Malvern Zetasizer Nano ZS) was used to measure 
the particle size and the zeta potential of the AuNP. Infrared (Shimadzu IRAffinity FT-IR) and 
Raman [LabRam HR-800, Jobin Yvon confocal Raman micro-spectroscope equipped with a 
CCD Andor detector, 647-nm Kr+ laser source, power: 1 mW, Nikon 20× (n.a. = 0.35, working 
distance of 20.5 mm)) spectroscopy were used to monitor changes in starch in the Au film. Field 
emission - scanning electron microscopy (Hitachi SU8230 and SU1510) and atomic force 
microscopy (Asylum Research Cypher ES with AC55 tip and cooler-heater sample stage) were 
used to observe the morphology of the printed gold contacts, while X-ray diffraction (Rigaku 
Ultima IV, x-ray source: Cu Kα) with high-temperature sample attachment was used to monitor 
the sintering process. Small angle X-ray scattering (SAXS) measurement was also done using the 
same instrument using the SAXS attachment in transmission mode. Thermogravimetric analysis 
(Shimadzu TA-50, N2 atmosphere at 20 L/min, heating rate of 10 
oC/min) was also done to 
characterize thermal properties and behavior of the ink. Linear array four-point probe (Jandel 
Multiheight Probe Station) connected to a galvanostat (Metrohm FRA 2 μAutolab Type III) was 
used to measure the sheet resistance of the printed gold films. 
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